With the advent of high throughput systems to experimentally determine the three-dimensional (3-D) structure of proteins, molecular biologists are in urgent need of systems to automatically store, maintain and explore the vast structural databases that are thus being created. We have designed and implemented the Capri/MR system which makes it possible to identify families of protein structures, as contained in such very large 3-D protein structure databases. Our system is able to automatically index and search a database of proteins by threedimensional shape, structural and/or physicochemical properties. For each of these diverse protein structure representations, we create a compact rotation and translation invariant index (or signature) which is placed in a database for future querying. A similarity search algorithm performs an exhaustive search against the entire database. Our search algorithm takes advantage of the compact signatures to rapidly find protein structures that are similar in 3-D shape and/or two-dimensional (2-D) properties. As a result, queries in our Capri/MR system run within a fraction of a second, and we are able to accurately group protein structures into the correct families, with very high precision and recall. In addition, our system dynamically processes new protein structures as they become available. We demonstrate the power of Capri/MR against the Protein Data Bank, which contains all known, experimentally determined, 3-D protein structures (48.000 as of January 2008). The main applications of our Capri/MR system lie in structural proteomics, protein evolution and mutation, as well as in drug design, in particular for studying the docking problem and the computer aided design of non-toxic drugs.
INTRODUCTION
The number of experimentally determined known 3-D protein structures is expected to grow linearly, with an estimated 100 new structures being created every week [1] . This number is indicated to grow exponentially with the advent of high throughput systems. There is an urgent need for systems which will enable molecular biologists to effectively store, manage and explore these vast repositories. That is, domain experts need systems which automatically update their databases as new structures become available. They require systems to determine whether a protein structure is, indeed, new and to which family it appears to belong. Furthermore, they are in want of systems to enable them to accurately find similar structures fast; and to further explore the properties of these similarities, in order to aid them to explain mutations, find similar proteins that appear to have related functionalities, find docking sites, and so on.
We have designed and implemented the Capri/MR system which is able to index and search a very large database of proteins by its three-dimensional shape, structural and/or physicochemical properties. By representing protein structures from different viewpoints, scientists are able to obtain new insights into the structural properties (e.g. for drug design), atomic composition, or local shape (which is useful for e.g. studying the docking problem). They are also able to consider similar amino acid sequences or secondary structures. Our automatic indexing algorithms created compact signatures which are rotation and translation invariant. Our similarity search technique employs a Query by Example (QBE) paradigm, in order to accurately identify those structures that are similar to a query (or so-called seed), when compared to all structures in the database.
In this presentation, we describe the architecture of the Capri/MR system and demonstrate its applicability to the Protein Data Bank. In our Capri/MR system, an exhaustive search is performed in less than a second. Furthermore, the database and the results may be exported and the proteins may be seamlessly visualised interactively in a viewer or in a virtual reality (VR) environment.
This proposal is organized as follows. In Section 2, we describe the architecture of Capri/MR. Section 3 contains the details of the demonstration and Section 4 concludes this demonstration proposal.
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Capri/MR SYSTEM
The Capri/MR system consists of three main components, as depicted in Figure 1 . The first is an algorithm to create different representations of a protein structure. The second component constitutes the signature creation (or so-called indexing) algorithms, which construct 3-D and 2-D signatures of each protein structure. The third component is the similarity search engine that locates protein structures with similar indexes (or signatures), using a Query by Example (QBE) paradigm. 
Protein

Representation Generation
The representation generation component of our system generates six (6) different representations, as summarized in Table 1 . The representations correspond to three-dimensional shape, secondary structures, atomic structure, external three-dimensional appearance (or envelope), amino acid (or residue) organisation and amino acid type organisation. the Tube representation which associates a cylindrical tube to the main chain(s) of C-alpha carbons (the back bone of the protein), the Van der Waal (VDW) representation which associates a sphere to each atom forming the protein and the Envelope representation, which corresponds to the outer surface of the protein. Figure 2 (a) to (c) shows these three different 3-D representations, as generated for the Ferric hydroxamate uptake receptor FhuA from the Escherichia coli protein structure.
The Tube representation is important in order to study the structural properties of proteins which are essential, for instance, for protein classification and drug design. Secondly, the Van der Waal representation corresponds to the atomic distribution associated with a given protein. This is the most fundamental representation, in the sense that it does not involve an extended analysis of the experimental data. One should remember that a three-dimensional structure is obtained either through X-ray crystallography or magnetic nuclear resonance (MNR), from both of which the position of the constituent atoms may be inferred. Thirdly, the Envelope representation is particularly relevant for the docking problem. Its importance is related to the fact that the interaction of two proteins is determined, in part, by the local shape of the interacting region or contact zone. If the two 3-D shapes match, the associated proteins may dock and interact. All the 3-D representations mentioned above are important to study possible evolutions, explain mutations and to e.g. replace a toxic protein, with a suitable functionality, by a non-toxic one.
For each three-dimensional representation, one may encode, in 2-D, a certain number of structural and physicochemical properties [2] by representing them with a colour code on the 3-D structure. For the Tube representation, the colour assigned to each cylindrical element is related to the so-called secondary structures of the protein e.g. alpha helix, beta sheet, etc. These secondary structures are of importance for protein classification and to understand their possible evolution and mutations. From the interaction point of view, a colour may be associated either with the amino acids; (there are twenty of them e.g. the ALA is encodes in blue, the LEU in Pink and the HSD in cyan), or with the amino acid types, which group them into eight (8) categories, e.g. a solvent is coded in yellow, an acid in red, a polar in green and an ion in tan. The amino acids are the building blocks of the proteins. They are attached to the back bone as a side-chain and their sequence determines the folding, i.e. the 3-D shape of the corresponding protein.
Proteins with similar amino acid sequences are likely to have a similar shape and interact in a related fashion, which is very important in drug design. For example, consider the scenario where two proteins A and B have similar structures and functionalities, with A being toxic and exhibiting serious side effect, while B is non-toxic with no or minor side effects. In this case, it is advisable to replace the toxic combination of A by that of B. This may be done by searching for proteins for which the amino acid sequence(s) are similar.
The next step involves the creation of the signatures, as discussed next.
Creating the Signatures
Here, we briefly describe our signature creation algorithms. Interested readers are referred to [3] for a detailed discussion.
The 3-D signature (or index) provides a complete description of the 3D shape of the protein. It is not affected by the position or the orientation of the protein in space. This means that the proteins in the database do not need to have a standard orientation or to be aligned relative to one another; a computationally expensive requirement. For each protein, a triangular mesh is associated with the representation from which a tensor of inertia is computed. Subsequently, a reference frame is associated with the Eigen vectors of the later and an invariant statistical distribution (weighted radial and angular) of the triangles of the mesh is calculated. The binary signature obtained is small, only 128 bytes, and its size is independent on the size of the associated protein. This signature describes either: (a) the 3-D structure of the C-alpha chain (the back bone of the protein), (b) the Van der Waal atomic distribution or (c) the envelope (the 3-D outer appearance of the protein) depending on the selected representation.
For the 2-D signature of a given representation, four Eigen 2-D views (projections) of each protein are captured, for which a random morphological analysis is performed in terms of composition and texture [3] . This is achieved by accumulating the relative proportion of colours within a structural element which is moved randomly on each Eigen view. A 256 bytes signature, independent of the size of the protein, is generated. This signature encodes either (a) the description of the structures, (b) the names of the amino acids or (c) the amino acid types, depending on the representation created.
Searching for Similar Structures
Our similarity search algorithm employs a Query by Example (QBE) paradigm in order to find similar protein structures. That is, a query protein structure is used as a "seed" and the most similar structures are then located. For example, let us assume that we want to calculate the similarity of all proteins in PB r , i.e. all proteins presented using representation r against a query protein P q1 . We calculate the similarity measure between P q1 and each other protein structure in PB r . This distance is given by the Euclidian distance
where i and j denote the various dimensions, x is the signature associated with the unknown structure and y is the target structure. Note that an exhaustive search is performed; it will be demonstrated that our Capri/MR system search component is very fast due to the compact nature of our signatures. Also, the query protein structure does not have to be part of the database, i.e. it may be a new protein structure submitted by a user. In such a case, the representations and signatures are generated automatically without any human intervention; the process is completely transparent to the user. The first N results are then displayed as thumbnails, where N is user defined. For each thumbnail, four views of the associated protein are shown. Then, it is possible to select a particular protein and to obtain the associated metadata as well as the associated signature which is displayed as a chain of numbers. It is also possible to access the file associated with the protein and to visualise the later in threedimensions interactively, in order for instance, for an expert to examine a certain feature in detail. The system also allowed transferring automatically the protein file to our virtual theatre [4] in which the protein can be visualised in stereo in a VR environment, in order to enhance the interactivity as well as to facilitate collaborative work. In addition, it is possible to save the results, including the signatures, and to export it in a flat file to subsequently process them using other software, such as a data mining package, in order to perform classification. In addition, the search may be re-iterated from any result, in order to further explore similar structures.
DESCRIPTION OF DEMONSTRATION
In this demonstration, we will illustrate the following central features of the Capri/MR system: 1. The ability to create six diverse representations of a protein structure. 2. The automatic, transparent creation of 3-D and 2-D signatures, based on these six representations. 3. The fast, accurate retrieval of protein families of different sizes and appearances; and the location of inter-family similarities. Capri/MR performs an exhaustive search against a very large database, in a fraction of a second. 4. The usefulness of the various representations and their applicability in structural proteomics, in particular in drug design and when studying the docking problem.
Demonstration Setup and Result
We illustrate the performance of the Capri/MR system against the Protein Data Bank (PDB), which contained 48.000 different 3-D protein structures in January 2008 [5] . All our results are verifiable by using the SCOP (Structural Classification of Proteins) system that describes the structural relationships of proteins of known structure [6] . In the SCOP classification system, proteins are grouped into families, based on experts' experience. More specifically, proteins are classified into (from large to small) folds, super-families and families. As such, it provides us with the experts' evaluation of our query results. The analysis of our system's accuracy and performance indicate that we are able to accurately locate protein families, with a high precision and recall rate [3] . That is, our system is able to locate a query protein structure's family; and also indicate related families when performing an exhaustive search against 45.000 proteins.
For example, Figure 3 shows the results obtained when using the 1brh structure from the Bacterial Ribonucleases family as query, when utilizing the 3-D envelope representation. The figure shows that Capri/MR system was able to locate the family members (with a precision of 100% (39/39) and a recall of 100%) when using the 1brh structure as seed. As another example, our system is able to find the family members of the 95 member Homo Sapiens Hemoglobin using the lrly as query structures and the 3-D Tube representation, with very high precision and recall. Namely, the first 55 similar structures retrieved belong to the Homo Sapiens Hemoglobin protein structure family; with 86 of the first 100 structures retrieved belong to this family, i.e. a precision of 86% was obtained with a recall of 90%. Interestingly, the presence of Hemoglobin structures from other species, such as a cow (position 56), rookcod (position 69) and a chicken (position 71) convince that we are able to find important inter-family similarities as well [3] . Similar results hold for other families within the PDB when using the four (4) other protein representations, as will be illustrated during our demonstration. The Capri/MR system has been developed in Java and Java 3D and the calculated signatures are stored in an IBM DB2 V9.1 database. Capri/MR may operate either from Linux or Windows OS and runs from a USB key without any installation (it has its own virtual machine). This implies that it may be operated on-site with minimum privileges, an important security feature for many pharmaceutical companies. For the computation of the signatures, we used a 32 bits Windows XP workstation with two Intel Xeon™ processors, 8 GB of memory and two high-end nVIDIA Quadro™ graphical processing units. These are, by no means, minimum requirement, since the querying process may be easily performed on a portable computer, even on a tablet, as will be illustrated during our demonstration.
SUMMARY
In this presentation, we describe the design and implementation of the Capri/MR system. The main applications of our system are in structural proteomics, protein evolution and mutation and drug design, in particular for studying the docking problem and the computer aided design of non-toxic drugs.
Our Capri/MR system is appealing to both experts and the neophytes in the sense that highly technical and complex information can be extracted from the database by performing simple, intuitive and visual queries. This is due to the fact that most of the complexity has been hidden in the signatures, which are searched transparently using a QBE approach. Because of their inherent structure and compact support, the signatures allow us to perform an exhaustive search in the database. This is in contrast to other current approaches [7] , which have to rely on a heuristic method in order to perform the query in a reasonable amount of time. In addition, our Capri/MR automatically creates signatures for new structures and incorporates them seamlessly into the existing database. Future work will include a robust comparison to other state-of-the-art techniques as well as a study to determine its usability from a molecular biologist's perspective.
